DNA methylation plays an important role in promoter choice and protein production at the mouse Dnmt3L locus  by O'Doherty, Alan M. et al.
Developmental Biology 356 (2011) 411–420
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyDNA methylation plays an important role in promoter choice and protein production
at the mouse Dnmt3L locus
Alan M. O'Doherty a,1,2, Charlotte E. Rutledge a,1, Shun Sato b, Avinash Thakur a, Diane J. Lees-Murdock a,
Kenichiro Hata b, Colum P. Walsh a,⁎
a Transcriptional Regulation and Epigenetics Research Group, Centre for Molecular Biosciences, School of Biomedical Sciences, University of Ulster, Coleraine BT52 1SA, Northern Ireland, UK
b Department of Maternal-Fetal Biology, National Research Institute for Child Health and Development, 2-10-1 Okura, Setagaya, Tokyo 157-8535, Japan⁎ Corresponding author. Fax: +44 28 7032 4965.
E-mail address: cp.walsh@ulster.ac.uk (C.P. Walsh).
1 Contributed equally.
2 Current Address: School of Agriculture, Food Scie
University College Dublin, Belﬁeld, Dublin 4, Ireland.
0012-1606/$ – see front matter © 2011 Elsevier Inc. Al
doi:10.1016/j.ydbio.2011.05.665a b s t r a c ta r t i c l e i n f oArticle history:
Received for publication 19 January 2011
Revised 12 May 2011
Accepted 22 May 2011
Available online 30 May 2011
Keywords:
DNA methylation
Oocytes
Sperm
Imprinting
MouseThe DNA methyltransferase 3-like (Dnmt3L) protein is a crucial cofactor in the germ line for the de novo
methyltransferase Dnmt3a, which establishes imprints and represses transposable elements. We have
previously shown that Dnmt3L transcription is regulated via three different promoters in mice, producing
transcripts we term Dnmt3Ls (stem cell), Dnmt3Lo (oocyte) and Dnmt3Lat (adult testis). Here we show that
both Dnmt3Ls and Dnmt3Lo produce full-length proteins but that the Dnmt3Lat transcripts are not translated.
Although not a canonical CpG island, the Dnmt3Ls promoter is silenced by methylation during somatic
differentiation in parallel with germ-cell-speciﬁc genes. During oocyte growth, Dnmt3Ls also becomes heavily
methylated and silenced and this requires its own gene product, since there is complete loss of methylation
and derepression of transcription from this promoter in oocytes derived from Dnmt3L−/− mice. Methylation
of the Dnmt3Ls promoter is established prior to the completion of imprinting and explains the requirement in
mouse oocytes for the Dnmt3Lo promoter, located in an intron of the neighboring unmethylated Aire gene.
Overall these results give insight into how andwhy promoter switching at themouseDnmt3L locus occurs and
provide one of the ﬁrst examples of a non-imprinted locus where methylation plays a role in promoter choice.
The derepression of the Dnmt3Ls promoter in the knockout oocytes also suggests that other non-imprinted
loci may be dysregulated in these cells and contribute to the phenotype of the resultant mice.nce and Veterinary Medicine,
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
DNA methylation in mice plays a crucial role in transcriptionally
repressing certain classes of developmentally important genes,
including imprinted genes (Li et al., 1993) and those on the inactive
X (Beard et al., 1995). It is also important for the repression of selﬁsh
DNA elements such as intracisternal A particles (Walsh et al., 1998)
and LINE1 elements (Bourc'his and Bestor, 2004). During early
development, methylation is decreased or removed from many
sequences, and then re-established by the de novomethyltransferases
Dnmt3a and Dnmt3b (reviewed in Lees-Murdock and Walsh, 2008).
There is an absolute requirement for the cofactor Dnmt3L for DNA
methylation in the germ line (Bourc'his et al., 2001; Bourc'his and
Bestor, 2004; Hata et al., 2002, 2006; Webster et al., 2005), which
undergoes a separate wave of demethylation and remethylation from
that seen in the soma. Dnmt3L is itself not an active enzyme, butretains a carboxy-terminal domain, structurally similar to the
methyltransferases, which dimerises with the de novo enzyme
Dnmt3a (Jia et al., 2007), whereupon it can boost its catalytic activity
(Chedin et al., 2002). The amino-terminal PHD domain contacts the
histone 3 tail at lysine 4 (Ooi et al., 2007), potentially linking
chromatin modiﬁcation to DNA methylation.
Deletion of conserved regions of the Dnmt3L gene in mice by
homologous recombination results in different phenotypes in male
and female homozygotes. The male mice are sterile due to the loss of
meiotic spermatocytes and show derepression of the IAP and LINE1
sequences, with partial loss of methylation on the few imprinted
genes which acquire this mark in the male germ line (Bourc'his and
Bestor, 2004; Hata et al., 2006; Webster et al., 2005). Female
homozygotes are fertile, but their embryos die in utero presumably
due to the loss of imprinting (Bourc'his et al., 2001; Hata et al., 2002).
The reasons for this difference in phenotype remain unclear. One
possibility is that it may be due to the great differences in the
developmental programs and tissue structure of the male and female
germ lines; a second possibility is that there may be different forms of
Dnmt3L present in themale and female germ cells with differing roles.
This latter possibility arises from the fact that mice utilize three
separate germline-speciﬁc promoters for the Dnmt3L gene (Fig. 1A)
(Shovlin et al., 2007). One is active in embryonic stem cells,
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the adult testis, producing a transcript whichwewill call for simplicity
Dnmt3Ls. This transcript codes for the full-length protein, whose
activity and structure have been well described (Jia et al., 2007). A
second promoter becomes active in the adult testis in the late
pachytene/round spermatid stages and can produce three different
types of transcript, all with the same transcriptional start site, which
we will call Dnmt3Lat1-3. The coding potential of these transcripts is
uncertain, since the longest open reading frame (ORF) of 126AA,
common to all three, is preceded by numerous upstream ATG, which
often inhibits translation (Fig. 1B). Finally, growing oocytes activate a
separate promoter found in an intron of the neighboring Aire gene,
producing Dnmt3Lo. This is the only transcript present in oocytes and
is absent in knockout mice (Shovlin et al., 2007), so is predicted to
produce a functional protein of some sort whose absence causes the
defects seen in the knockout animals. However, the longest ORF here
is also preceded by a number of upstream ATG (Fig. 1B) and thesemay
affect its translational capability.
Previous work has suggested a role for feedback control of Dnmt3L
production by methylation-mediated suppression of the Dnmt3Ls
promoter (Hu et al., 2008). Relatively few protein-coding genes are
repressed by methylation during somatic differentiation, the main
exceptions being genes with high-density CpG-containing promoters
(HCP, also called “strong” CpG islands) which either code for germ-
cell-speciﬁc products or which happen to be on the inactive X (Borgel
et al., 2010; Illingworth et al., 2010; Meissner et al., 2008;Weber et al.,
2007). Sequence analysis shows that there are almost no CpG sites
present in the 500 bp upstream of the start of Dnmt3Lo or Dnmt3Lat,
but there are a substantial number in the corresponding region for
Dnmt3Ls, although the ratio of observed/expected CpG given the GCFig. 1. Structure and promoter location at the mouse Dnmt3L/Aire locus. A. The Aire and Dnm
start site and direction are indicated (bent arrows) for the oocyte-speciﬁc form (Dnmt3Lo),
adjacent Aire gene. Alternative exons found only in the oocyte form are indicated in red, those
the Aire gene. The three adult testis transcripts differ in the presence of all (Dnmt3Lat1), some
the transcripts indicated. The longest open reading frame (ORF) is indicated in bold, with th
exon containing the start of the longest ORF is underlined (exon 2 for Dnmt3Ls and Dnmt3Lcontent means that it is not classed as a canonical CpG island
promoter. It also does not appear to be a CpG island on the basis of
binding to the CXXC-domain protein Cfp1 (Illingworth et al., 2010).
Nevertheless, a few non-island genes of similar CpG density have also
been shown to be susceptible to silencing by methylation (Borgel et
al., 2010; Meissner et al., 2008). Previous work has also shown that
Dnmt3Ls becomes methylated on ES cell differentiation in vitro and
down-regulation of Dnmt3Ls is accompanied by methylation at this
sequence in the early post-implantation mouse embryo (Hu et al.,
2008). Most importantly, the authors also showed that methylation at
Dnmt3Ls was reduced substantially in Dnmt3b−/− embryos, and to a
lesser extent in Dnmt3Lmutants, and this was accompanied by partial
reactivation of the promoter.
We set out to establish whether the oocyte and adult testis
transcripts can produce proteins and if so, what are their relative sizes.
The longest ORF in the Dnmt3Lat1-3 transcripts would code for a
protein with almost the entire methyltransferase fold but lacking the
PHD domain and could conceivably act as a competitive inhibitor to
the full-length form(s) of the protein in binding to Dnmt3a. In
Dnmt3Lo, although the longest predicted ORF is the same as in
Dnmt3Ls, the choice of the start AUG could be affected by the structure
of the 5' UTR. Finally, we wished to explore whether methylation may
play a role in promoter choice during germ cell development.
We show here that Dnmt3Lo and Dnmt3Ls produce proteins of similar
size, while the Dnmt3Lat transcripts are non-coding. The Dnmt3Ls
promoter can be suppressed by methylation in ES cells, and its
transcriptional silencing during ES cell differentiation parallels that of a
germ-cell-speciﬁc gene. Furthermore, methylation of Dnmt3Ls occurs in
the femalegermlineduringoocytegrowth, requires its owngeneproduct,
and plays a role in promoter utilization at this non-imprinted gene.t3L genes on mouse chromosome 10. Dnmt3L exons are numbered. The transcriptional
the stem cell form (Dnmt3Ls) and the adult testis transcripts (Dnmt3Lat), as well as the
in the adult testis transcripts in blue. The ﬁrst exon in Dnmt3Lo is located in an intron of
(Dnmt3Lat2) or none (Dnmt3Lat3) of the sequence of exon 9c. B. Structure of the 5' UTR of
e predicted length given in amino acids (AA). All upstream ATGs are shaded gray. The
o, exon 10 for Dnmt3Lat1).
Table 1
Primers used in the study.
Primer Sequence
Mouse transcript cloning
Dnmt3Ls 5'-cat agg ctc cat cca gca tt-3'
Dnmt3Lo F 5'-gaa act cag cct ttg gga ca-3'
Dnmt3Lat1 F 5'-caa gca gcc aaa cat ctt ga-3'
V5 Fusion R1 5'-ctt gaa gta ctc tct cag c-3'
QPCR
Dnmt3L Fwd 5'-tga tgc tga cag tcc tct g-3'
Dnmt3L Rvs 5'-ctg gag agt tcc aca gca ga-3'
ActB F 5'-tgc gtg aca tca aag aga ag-3'
ActB R 5′-cgg atg tca acg tca cac tt-3'
RT-PCR
Dnmt3L Ex1aF 5'-cat agg ctc cat cca gca tt-3'
Dnmt3L Ex1bF 5'-cag taa gac gct gag agg ct-3'
Dnmt3L Ex2R 5'-cca gag gac tgt cag cat ca-3'
Gata F 5'-cag aga gtg tgt gaa ctg tg-3'
Gata R 5'-ctc cgc cag agt gtt gta gt-3'
Id2 F 5'-gca aag tac tct gtg gct aaa-3'
Id2 R 5'-cag cat tca gta ggc tcg tg-3'
IRES F 5'-cca tat tgc cgt ctt ttg gc-3'
IRES R 5'-caa agg aaa acc acg tcc cc-3'
Sycp3 F 5'-aat ctg gga agc cac ctt tg-3'
Sycp3 R 5'-ctt caa tta tcc cag cag atc-3'
ActB F 5'-gct gtg cta tgt tgc tct aga ctt c-3'
ActB R 5'-ctc agt aac agt ccg cct aga agc-3'
Bisulﬁte sequencing and COBRA
Aire F outer 5'-gat ttg att tgg aga ggt tt-3'
Aire R outer 5'-aac aat ctc taa ccc aac ttt-3'
Aire F inner 5'-gga ggg aat att tag ttt g-3'
Aire R inner 5'-caa cct cta ttc ttt cct aat-3'
Pyrosequencing
Dnmt3L F 5'-gat aag ggt ttt aga gta aga aga agg t-3'
Dnmt3L R (biotinylated) 5'-ccc tcc tct caa cct ctc taa t-3'
Dnmt3L Sequencing primer 5'-agt aag aag aag gtg ttt t-3'
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Mouse strains used
Dnmt3L knockouts were generated in the 129, SvJae strain and
have been backcrossed onto a C57BL/6 background; WT tissues are
from the same colony. All other mouse tissues were derived from
outbred TO mice (Harlan, UK).
Oocyte isolation
Growing oocytes were collected from 12 dpp TO mice (Harlan, UK)
and germinal vesicle stage (GV) oocytes from 22 dpp PMSG-stimulated
Dnmt3L−/− mice and matched WT controls as well as TO mice. Mice
were sacriﬁced by cervical dislocation and ovaries were removed to a
35 mm Petri dish of Ca2+/Mg2+-free PBS+2 mg/ml collagenase
(Sigma, Poole, UK)+0.02% DNase (Qiagen, Crawley, UK), in which
they were incubated for 20 min with gentle pipetting every 5 min. The
PBS/enzyme mixture was added to a 35 mm Petri dish of M2 medium
(Invitrogen, Paisley, UK) and free oocytes were collected by mouth
pipetting. These oocytes were transferred to a fresh dish of M2medium
in which remaining somatic cells were removed by mouth pipetting.
Denuded oocytes were washed through 3×35 mm Petri dishes of M2
medium. MII oocytes were collected from superovulated 6 week old TO
females. Oviducts were collected into a 35 mmPetri dish containingM2
medium+300 μg/ml hyaluronidase and ﬁne forceps were used to
release the oocyte/cumulusmass. Freed cells were incubated in theM2/
hyaluronidase mixture for 5 min at RT, before MII oocytes were
collected by mouth pipetting. Collected oocytes were washed through
5×50 μl dropsofM2. BothGVandMII oocyteswere snap frozen in liquid
N2 and stored at−80 °C until use.
RNA isolation and cDNA synthesis
Total mouse RNA was extracted using the RNeasy extraction kit
(Qiagen) following the manufacturer's guidelines. Synthesis of cDNA
was carried out using the Superscript II method (Invitrogen). Brieﬂy,
1 μg total RNA was mixed in a 20 μl reaction with 0.5 μg oligo(dT)15–18,
0.5 mMdeoxynucleoside triphosphates, 0.1 MDTT1xﬁrst strandbuffer,
40U RnaseOUT and 200U Superscript II RT.
Reverse transcriptase PCR (RT-PCR) and generation of tagged vectors
Primers used for RT-PCR are listed in Table 1. PCR reactions were
performed using 2 μl of cDNA in a 50 μl reaction containing 2 mM
MgCl2, 0.2 μM each primer, 1× Taq PCR buffer, 0.4 mM dNTPs and
1.25 U Taq DNA polymerase (Promega, Southampton, UK). Reaction
conditions were: 94 °C for 3 min, 30 cycles of 30 s at 94 °C, 1 min at
60 °C and 2 min at 72 °C, ﬁnal extension 72 °C for 10 min. Resultant
PCR products were veriﬁed by sequencing in-house on the ABI3100
genetic sequencer. Epitope-tagged transcripts were generated by
cloning such that the longest ORF was in-frame with the C-terminal
V5 epitope of the mammalian expression vector pcDNA™3.1/V5-His
TOPO TA (Invitrogen).
Cell culture and transfection
Chinese hamster ovary (CHO) cells were maintained in DMEM
(Invitrogen) with 10% fetal calf serum, while R63 and MM13 mouse
embryonic stem (ES) cells were grown in media containing Knockout
DMEM supplemented with 15% (v/v) knockout serum replacement
(Invitrogen), 1% fetal calf serum, 0.1 mM non-essential amino acids,
0.1 mM 2-mercaptoethanol (Sigma), 2 mM L-glutamine and 1000
units/ml LIF (Chemicon, Chandlers Ford, UK). Samples of ES cells
differentiated into primary and secondary embryoid bodies as well as
haematopoietic stem cells according to the protocol in (Dobbin et al.,2008) were a kind gift of Dr. Helen Wheadon. Plasmids were
transfected using Lipofectamine 2000, as outlined by the manufacturer
(Invitrogen). For generation of stably transfected ES cells, 4 μg of Sca I
linearised pcDNA3.1-V5/His- Dnmt3Lat1 plasmid was introduced into
1×106 R63 embryonic stem cells. Selection for the integration of the
linearised plasmid was carried out using media containing 500 μg/ml
Geneticin for ~14 days: individual colonies were expanded and
screened for expression of Dnmt3Lat1 by RT-PCR.
Immunocytochemistry and Western analysis
1×105 ES cells were plated on Superfrost plus glass slides (VWR,
Lutterworth, UK), allowed to recover overnight and then transfected for
6 hprior to removal ofmedia andﬁxing in 4% ice coldparaformaldehyde
for 15 min. Cells were then permeabilized and pre-blocked with 1%
Triton X-100, 4% goat serum and 0.2% SDS. Detection of V5-tagged
proteins was carried out using an anti-V5 primary antibody
(cat#MCA1360, AbD Serotec, Oxford, UK) at a dilution of 1:5000 and a
ﬂuorescent secondary antibody (1:400), Alexa Fluor® 488 (Invitrogen).
Counterstaining with Hoechst 33258 (Invitrogen) was used for
visualization of the nucleus. Treated slides were mounted using
Vectashield mounting medium (Vector labs, Peterborough, UK) and
images were captured with a Leica TCS SP5 multiphoton microscope
(Leica Microsystems (UK), Milton Keynes). For Western analysis, 30 μg
of cell lysate from transfected CHO cells was separated by SDS-PAGE
(Invitrogen) and transferred to a nitrocellulose membrane (Amersham
Biosciences, Amersham, UK). The membrane was treated with the V5
primary antibody at a dilution of 1:5000 before being incubated with
horseradish peroxidase conjugated secondary antibody (Amersham) at
a dilution of 1:5000. The enhanced chemiluminescence (ECL) detection
system (Amersham) was used for detection of proteins.
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QPCR was performed on wildtype ES cells and ES cells stably
expressing Dnmt3Lat1. Relative quantiﬁcation between cDNA samples
was carried out on a Lightcycler instrument (Roche, Welwyn Garden
City, UK) using the SensiMixPlus Sybr Green kit (Quantace, Watford,
UK) and the relative standard curve method using ActB as the internal
reference gene (Bustin, 2000). The primers used to amplify transcripts
are indicated in Table 1. Ampliﬁcation for both transcripts involved an
initial denaturation step of 95 °C for 15 min followed by 50 cycles of
denaturation at 94 °C for 15 s, annealing at 59 °C for 20 s and
extension at 72 °C for 15 s.
Luciferase assays
Constructs containing PCR-generated fragments of the Dnmt3Ls
promoter coupled to a luciferase reporter in the pGL3-basic vector
(Promega) were assembled as described previously (Aapola et al.,
2004). The CYP3A5 promoter in pGL3-basic was a kind gift of Dr. Jukka
Hakkola (Hukkanen et al., 2003). In vitro methylation was carried out
using the CpG methyltransferase M.SssI (New England BioLabs (UK),
Hitchin, UK). Relative luciferase activities of the reporter plasmids
were determined using the Dual-Luciferase Reporter Assay System
(Promega) as previously described (Sunnotel et al., 2010).
DNA isolation and methylation analysis
Most tissue and cell samples were digested at 55 °C for 16 h with
5U proteinase K before being cleaned using standard phenol:
chloroform extraction techniques. For sperm, DNA isolation was as
in (Walsh and Bestor, 1999). For oocytes, conditions were as
described in (Lees-Murdock et al., 2008). For each tissue/cell sample
either 200 ng of genomic DNA or the amount recovered from 150 to
200 oocytes was modiﬁed using the Qiagen Epitect kit according to
themanufacturer's guidelines. PCR primers for COBRA and sequencing
were as previously described (Hu et al., 2008; Lucifero et al., 2002)
except for Aire (Table 1). A 50 μl PCR reaction contained 5 mM (Snrpn,
H19), 3.5 mM (Aire) or 2.5 mM (Igf2r) MgCl2: for Dnmt3Ls, the ﬁrst
round used 1.5 mM MgCl2 and the second round 3 mM. In addition,
each reaction contained 1× buffer, 0.4 mM dNTPs, 1 pmol of each
primer and 2 U of Taq DNA polymerase (Promega). For the second
round of PCR 2 μl of the ﬁrst round sample was added to fresh reaction
mix. Cycle conditions consisted of an initial denaturation of 94 °C for
3 min followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s (57 °C for
Dnmt3Ls) and 72 °C for 45 s, with a ﬁnal extension of 72 °C for 7 min.
Combined bisulﬁte modiﬁcation and restriction analysis (COBRA)
with TaqαI (Dnmt3Ls, H19) or BstU I (Snrpn, Igf2r) (all New England
Biolabs) was essentially as previously described (Li et al., 2004).
For pyrosequencing of Dnmt3Ls primers were designed using
Pyromark assay design software (Qiagen) and supplied HPLC-puriﬁed
by Invitrogen, including a biotinylated reverse primer. Ampliﬁcation
of Dnmt3Lswas carried out on the bisulﬁte-treated DNA used above in
a PCR containing 2.5 mM MgCl2, 1x Taq polymerase buffer, 0.4 mM
dNTPs, 1 μM forward and reverse primers and 1U Taq, with the
following cycle conditions: initial deannealing at 95 °C, 15mins,
followed by 50 cycles of 95 °C, 20 s; 55 °C, 20 s and 72 °C, 20 s with
a ﬁnal 5 min elongation step. The products were run on 3% gels for
veriﬁcation. PCR products (20ul) were bound to sepharose beads by
mixingwith 2 μl of beads and 40 μl of Binding buffer made up to a total
volume of 80 μl with sterile water. Binding was facilitated by agitation
at 1400 rpm for 5 min. Subsequently the bead complexes were washed
through a 70% ethanol solution, a denaturation solution (Qiagen) and a
washing buffer (Qiagen) in the Qiagen Pyromark Q24 workstation, as
per manufacturer's instructions. Bead complexes were transferred to a
Pyromark Q24 plate containing 25 μl of 0.3 μM sequencing primer in
each well. Samples were annealed to sequencing primer by heating to80 °C for 2 min, followed by cooling to RT. Annealed samples were
analyzed on the Pyromark Q24 Instrument.
Results
Coding potential of the mouse sex-speciﬁc Dnmt3L transcripts
We wished to test whether the sex-speciﬁc forms of Dnmt3L in
mouse coded for proteins. Current Dnmt3L antibodies have relatively
poor speciﬁcity and are directed against the stem cell form. Since the
5' UTR may also play a role in determining protein sequence we chose
to clone the complete mRNA for Dnmt3Ls, Dnmt3lat1 and Dnmt3Lo into
a mammalian expression vector, such that the longest open reading
frame was upstream of, and in-frame with, a C-terminal V5 tag.
Proteins carrying the V5 tag could be easily detected in ES cells
transfected with a tagged LacZ as a positive control (Fig. 2A). As
expected, the Dnmt3Ls mRNA drove production of a tagged protein in
mouse embryonic stem (ES) cells (Fig. 2A). Constructs were also
transfected into Chinese hamster ovary (CHO) cells and protein
extracted for Western blotting to conﬁrm protein sizes. Dnmt3Ls
produced a protein of the expected size (~47kD) in these cells
(Fig. 2B). TheDnmt3Lo transcript also produced a V5-tagged protein in
ES cells (Fig. 2A). We found this to be the same size as the stem cell
form by western blotting (Fig. 2B, arrowhead), although it is possible
that the transcript is not as well translated, or the protein is less stable
than Dnmt3Ls, as the band appeared weaker in western blots. Cells
containing the longest adult testis transcript Dnmt3Lat1 failed to show
any signal by immunoﬂuorescence (Fig. 2A) and there was no band
present in western blots at the expected size (~14kD), even after long
exposure (Fig. 2B). The same was true of Dnmt3Lat2 (not shown).
Dnmt3Lat transcripts do not down-regulate Dnmt3Ls in trans
We considered the possibility that Dnmt3Lat in mouse might be
active as an RNA, possibly contributing to down-regulation of the
stem cell form. To test this we stably transfected the Dnmt3Lat1
construct into ES cells, where the Dnmt3Ls promoter is active, and
selected for cells with stable integration of the construct. Dnmt3Lat1 is
the largest of the adult testis transcripts and contains all of the
sequence present in the two smaller splice variants Dnmt3Lat2 and
Dnmt3Lat3 (Fig. 1A). Three clonally derived cell lines producing high
(clone 27), intermediate (28) or low (29) levels of the Dnmt3Lat1
transcript were isolated. Although adult testis trancripts were easily
detectable by RT-PCR on total RNA from the stably transfected ES cells,
levels of the endogenous Dnmt3Ls transcript appeared unaffected in
this experiment (Fig. 2C). Quantitative real-time PCR also failed to
show any signiﬁcant down-regulation of the endogenous Dnmt3Ls
transcript (Fig. 2D). Transient transfection with the Dnmt3Lat3 form
gave similar results (data not shown).
DNA methylation at the Dnmt3Ls promoter correlates with its repression
in oocytes and somatic tissues
To determine whether methylation might play a role in preventing
Dnmt3Ls from being active in oocytes, we examined the 500 bp region
around the promoter shown schematically in Fig. 3A (adapted from (Hu
et al., 2008)). We extracted DNA from various tissues and ES cells and
carried out combined bisulﬁte treatment and restriction analysis
(COBRA) with the TaqαI enzyme, whose recognition site contains a
CpG. This analysis conﬁrms that Dnmt3Ls is almost completely
unmethylated in ES cells (Fig. 3B: compare ES and uncut lanes) but
shows heavy methylation in most differentiated tissues, including
samples representative of mesoderm (tail), endoderm (lung) and
ectoderm (brain). We also investigated methylation of Dnmt3Ls in the
germ line, which was not previously examined. In mature sperm only
partial methylation of Dnmt3Ls was detectable (Fig. 3B) and this was
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growingoocytes (12 days post partum, 12 dpp) substantialmethylation
was seen, while in mature MII oocytes the promoter was almost fully
methylated (Fig. 3B). As controls, we tested the maternally expressed
imprinted gene H19 (methylated in sperm) and Snrpn, (methylated in
oocytes only), which gave the expected patterns (Fig. 3B). As the TaqαI
digestion can only assay some of the CpGs, we also cloned the PCR
products used for COBRA and carried out bisulﬁte sequencing on the
resultant plasmids. This analysis conﬁrmed that Dnmt3Ls is unmethy-
lated in ES cells (Fig. 3C), while it shows heavy methylation in somatic
tissue (tail).MII oocytes showed substantialmethylation of theDnmt3Ls
promoter (Fig. 3C), andwe could conﬁrm that both parental alleleswere
represented in theanalysis due to thepresenceof apolymorphism in the
outbred To mice used here.Methylation-mediated suppression of Dnmt3Ls transcription during ES
cell differentiation parallels that of the germ-cell-speciﬁc gene Sycp3
To determine whether methylation of the Dnmt3Ls promoter was
sufﬁcient to inactivate it in a cell typewhichnormally transcribes the gene
at high levels, we cloned the promoter region of Dnmt3Ls upstream of a
luciferase reporter and transfected it into ES cells. As previously reported,
the region from -209 bp to the transcriptional start site acted as aminimal
promoter and gave the highest luciferase activity,while inserts containing
more of the 5' region up to -1103 bp had lower activity (Fig. 4A, open
bars), presumably due to the presence of repressive elements. In vitro
methylation of the minimal promoter prior to transfection using the CpG
methyltransferase M.Sss I signiﬁcantly impaired its ability to produce
luciferase (Fig. 4A, ﬁlled bars), indicating that methylation of Dnmt3Ls is
sufﬁcient to repress transcription in stem cells. This effect is not due to
methylation of the vector backbone since the effect ofmodiﬁcation on the
longer -1103 bp construct is minimal. Conﬁrming that the Dnmt3Ls
promoter is particularly susceptible to silencing, methylation of the CpG-
poor CYP3A5 promoter (Fig. 4B) or another comparable promoter (data
not shown) did not suppress them to the same extent.
We next examined ES cells which had been differentiated along a
haematopoietic pathway using a three step culture protocol (Dobbin
et al., 2008): ES cells ﬁrst differentiate into primary embryoid bodies
(1° EB), then secondaryEB (2°EB)beforedeveloping intohaematopoietic
stem cells (HSC): during this process pluripotency genes are turned off
and HSC genes such as Gata1 are activated (Fig. 4C). As a control, we
looked at Sycp3, a germ-cell-speciﬁc gene with a CpG island which is
known to be repressed bymethylation in somatic tissues (Maatouk et al.,
2006) and found by semi-quantitative PCR that transcription decreased
as expected from ES cell to HSC (Fig. 4C). Transcription of Dnmt3Ls
paralleled that of Sycp3, indicating repression during differentiation
(Fig. 4C). Id2, a CpG island-containing gene which is not germ-cell-
speciﬁc, is shown here as a loading control (Fig. 4C). COBRA analysis
indicated thatmethylation levels at theDnmt3Ls promoter also increased
as transcription decreased (Fig. 4D). As a control, methylation at the
imprinted gene Snrpnwas analyzed and this did not vary during somatic
differentiation, as expected (Fig. 4D). We also quantitatively assessed
methylation using a pyrosequencing assay (Fig. 4E)which covered 7 CpG
sites around the start of transcription (indicated on schematic in Fig. 3A
and in Fig. 3C). Methylation was lowest in ES cells and increased as the
cells differentiated along the haematopoietic pathway until in HSC it was
comparable to that seen in mouse tail DNA (Fig. 4E).Fig. 2. Functions of the mouse sex-speciﬁc Dnmt3L transcripts. A. Full-length cDNA
corresponding to the Dnmt3L transcripts indicated at left were cloned into a
mammalian expression vector such that a V5 tag was placed in-frame at the 3' end
of the longest open reading frame. These were then transiently transfected into mouse
embryonic stem (ES) cells and visualized using anti-V5 antibody: the nuclei were
counterstained using DAPI (left) and a merged image is shown at right. Magniﬁcation is
63X in the top three rows and 20X in the bottom row, to allow a greater number of cells
to be seen. 3Ls, Dnmt3Ls transcript; 3Lo, Dnmt3Lo transcript; 3Lat1 longest transcript
produced from adult testis promoter Dnmt3Lat; a V5-tagged lacZ is shown as a positive
control (LacZ). B. Western blot of Chinese hamster ovary (CHO) cells transiently
transfected with the constructs indicated at top: equal amounts of total protein extract
were used in all lanes. Positive control as in A (LacZ), protein from untransfected cells is
a negative control (Neg). The position of protein size markers is indicated at left in
kilodaltons (kD) and the Dnmt3L protein band is indicated by an arrowhead. The
membrane was probed with anti-V5 (top) or anti-GAPDH as a loading control
(bottom). C. ES cells were transfected with a construct containing the Dnmt3Lat1
transcript and a neomycin resistance gene and subjected to selection. Total RNA from
clonally derived cell lines stably expressing the transcript at high (clone number 27),
intermediate (28) or low (29) levels was isolated and reverse-transcribed. A
polymerase chain reaction (PCR) was then carried out with primers speciﬁc for
Dnmt3Lat1 (3Lat1) or the endogenously-expressed stem cell form of Dnmt3L (3Ls). RNA
from the untransfected ES cells is also shown (WT). β-actin (Actb) was ampliﬁed as a
loading control and samples lacking reverse transcriptase (RT-) were used as a negative
control. Reference bands on a 100 bp size ladder are shown at left in base pairs. D.
Quantitative real-time PCR comparing levels of Dnmt3Ls in ES cells stably expressing
Dnmt3Lat1 at high levels (clone 27) vs. the parental ES cells (WT), with the latter set to
100%. Actb was used as an internal control. Error bars indicate SD for ﬁve samples.
Fig. 3. DNA methylation at the Dnmt3Ls promoter in soma and oocytes. A. Schematic
showing that region of the Dnmt3Ls promoter analyzed for DNA methylation status
(adapted from Hu et al., 2008). The transcriptional start site (+1) and CpGs (open
circles) are indicated. Sites of TaqαI cleavage are shown, together with the main
fragments generated in base pairs: the arrow indicates those sites also covered by
pyrosequencing. B. Combined bisulﬁte and restriction analysis (COBRA) of the
methylation state of the mouse Dnmt3Ls promoter and two controls, the imprint
control regions (ICR) at H19/Igf2 and Snrpn, in various tissues. Relevant fragments on a
size ladder are indicated at left in base pairs. The bands resulting from unmethylated
(u) and methylated alleles (m) are indicated at right. 12 dpp, 12 days post partum; MII,
oocytes in meiosis II. Sperm was isolated from cauda epididymus. An undigested
sample (uncut) indicates the size expected for unmethylated templates. C. Bisulﬁte
sequencing of samples from the same experiment shown in B: oocyte refers to the MII
oocyte sample. Open circles are unmethylated CpG, ﬁlled are methylated: one CpG site
(gray) is absent in someMII oocyte clones due to the presence of a polymorphism in the
outbred mouse strain used. The positions of the TaqαI sites (vertical arrows) and the
region analyzed by pyrosequencing in Fig. 4 (horizontal arrow) are indicated.
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oocytes
The analyses shown above indicated that Dnmt3Ls could be
suppressed by methylation in somatic cells, and that methylation levels
were high in oocytes. To determine if loss of methylation would affect
Dnmt3Ls repression in oocytes, we used mice carrying a mutant allele of
Dnmt3L (Fig. 5A). Homologous recombination has replaced the coding
region downstream of exon 2 with a cassette containing a strong splice
acceptor site, followed by an IRES element and β-geo, which terminates
transcription and gives a null allele. Any transcripts originating from
either the Dnmt3Ls or Dnmt3Lo promoters are predicted to splice into the
strong acceptor site before the IRES sequence and terminate after the β-
geo cassette: in keeping with this, the mice have been shown to be
functionally null (Hata et al., 2002). We could detect transcripts
containing the IRES sequence as expected in ovaries from 22 dpp
knockout mice, but not in WT mice (Fig. 5B): β-actin and reverse
transcriptase negative samples are shown as positive and negative
controls. InWTmice, transcripts from theDnmt3Lopromoter are seen, but
signal was consistently lower in −/− mice (Fig. 5C). In contrast, the
Dnmt3Ls promoter is silent in ovaries from WT mice (Fig. 5D) as
previously shown(Shovlinet al., 2007), but in themutantmice transcripts
originating from the Dnmt3Ls promoter are now seen, indicating
derepression of this promoter (Fig. 5D). This experiment was repeated
three times and the PCR products sequenced to conﬁrm their identities.
Due to the sequence composition and small size of exon 1a, qPCR on
Dnmt3Ls in−/−micewas not possible, but image analysis of the RT-PCRs
indicate that transcript levels for Dnmt3Ls, when normalized to β-actin,
have risen from undetectable levels in WT ovaries (Fig. 5E, +/+) to
approximately half those of Dnmt3Lo in knockout ovaries (−/−), while
levels of Dnmt3Lo show a decrease in the−/−mice.
To determine if the Dnmt3Ls promoter shows loss of methylation in
Dnmt3L-deﬁcient mice, we carried out COBRA analysis of this promoter
in oocytes from+/+ and−/−mice (Fig. 6A, top panel). It was notable
that the level of methylation in WT animals of this inbred strain was
considerably higher than in the outbred mice used earlier. The
methylation was nevertheless completely erased in oocytes from −/−
mice. We conﬁrmed this by sequencing individual clones (Fig. 6B). We
also examined methylation levels of imprinted genes in these paired
samples. It can be seen that methylation has begun at the maternally
methylated Snrpn and Igf2r imprint control regions inWTmice (Fig. 6A)
but is not yet complete at this point. Nomethylation could be detected at
these two ICR in −/− oocytes, in keeping with previous results from
other labs. In contrast, the paternallymethylated ICR at theH19/Igf2 locus
showed no methylation in +/+ or−/− oocytes, as expected (Fig. 6A).
The Dnmt3Lo promoter is embedded in an intron of the Aire gene
(Fig. 1A): although there are almost no CpG sites present in the 500 bp
upstream of the transcriptional start site for the oocyte transcript, Aire
has a strong CpG island at the promoter whose methylation status
could have a bearing on regulatory events at this locus. Since the Aire
gene is autosomal and not imprinted or germ-cell-speciﬁc, we
predicted this island would be unmethylated in all tissues. Bisulﬁte
sequencing results are shown in Fig. 6C for the Aire CpG island in MII
oocytes: as can be seen, there is little or no methylation and this result
was conﬁrmed by COBRA analyses: the island was also unmethylated
in ES cells and other tissues analyzed (data not shown).Discussion
While the Dnmt3L locus in mice has three promoters, active in
different cell types and at different times, any insight into the
signiﬁcance of this particular arrangement and the mechanisms by
which switching occurs was previously lacking. Based on our ﬁndings
above we show that promoter choice determines whether a
functional protein will be produced and show that autoregulation
Fig. 4. Dnmt3Ls can be repressed by methylation in somatic tissues. A. Fragments from the indicated position upstream of the transcriptional start site of Dnmt3Lswere cloned into a
promoterless construct containing ﬁreﬂy luciferase coding sequence. These were transfected into MM13 mouse ES cells together with a renilla luciferase as a transfection control.
The luciferase construct lacking any promoter (no insert) acted as a negative control. Each construct was either methylated by treatment with M. SssI prior to transfection (indicated
by “+” and ﬁlled bars) or mock-treated (“−” and open bars) using the same reagents but lacking the enzyme. Samples were measured in triplicate and error bars indicate 1 standard
deviation (SD); AU is arbitrary units. B. The CpG-poor CYP3A5 promoter was methylated in vitro (+) or mock-treated (−) and transfected into ES cells in parallel with the −209
promoter fragment from Dnmt3Ls as in (A). C. Transcription from Dnmt3Ls is repressed during ES differentiation. ES cells were stimulated to differentiate along a haematopoietic
pathway from primary embryoid body (1oEB) to secondary (2oEB) and ﬁnally haematopoietic stem cell (HSC). RT-PCR shows increasing transcription of the tissue-speciﬁc
transcription factor Gata1 (top) and shut-down of the germ-cell-speciﬁc gene for synaptonemal complex protein 3 (Sycp3), which is repressed by methylation. Dnmt3Ls shows the
same pattern as Sycp3, unlike Id2 a canonical CpG island gene not controlled bymethylation, shown as a control. Relevant fragments on a size ladder are indicated at left in base pairs
D. COBRA analysis of methylation at the Dnmt3Ls promoter during ES cell differentiation. Methylation of the Snrpn ICR, which is known to be invariant during somatic differentiation,
is shown as a control. The bands resulting from unmethylated (u) and methylated alleles (m) are indicated at left. E. Methylation changes in the samples used for D analyzed by
pyrosequencing. Methylation levels for the seven CpGs around the start site for Dnmt3Ls (see Fig. 3A) were averaged in each of the four stages of ES to HSC differentiation as indicated
below: tail DNA was also analyzed as an in vivo differentiated control. Percentage methylation is indicated on the y axis. Samples were analyzed in triplicate with error bars
indicating 1 SD; similar results were seen in two biological replicates.
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promoter will be active.
The adult testis promoter Dnmt3Lat is active in post-meiotic sperm
cells in themouse, producing three short transcripts containing only the
C-terminal part of the ORF present in Dnmt3Ls. Although this truncated
ORF contains almost all of the methyltransferase fold domain, the
Dnmt3Lat mRNA appear incapable of directing translation in ES or CHO
cells, suggesting that the5'UTR structure of these transcripts is such that
it causes repression of translation, as has been previously noted for the
adult testis transcript of Dnmt1 (Mertineit et al., 1998). Although we
cannot absolutely exclude translation of these transcripts in testis cells,
we had no difﬁculty detecting protein from the oocyte-speciﬁc
transcript in these cell lines, and the use of an antigen tag circumvents
difﬁculties due to the poor speciﬁcity of currently available Dnmt3L
antibodies. Since the Dnmt3Lat promoter switches on around the time
that the Dnmt3Ls transcripts are down-regulated and there is some
coexpression in differentiating spermatogonial cells (Shovlin et al.,
2007), we tested for RNAi-like effects of theDnmt3Lat transcripts on the
full-length form, but found none. Taken together, these results suggest
that theDnmt3Lat transcripts are not functionally active and suggest that
the switch to the Dnmt3Lat transcription start is more signiﬁcant than
the transcripts themselves.
The oocyte-speciﬁc form of Dnmt3L is produced from a promoter
embedded in the third intron of the neighboring Aire gene. The
longest ORF is predicted to code for the same protein as the Dnmt3Ls
transcript, but the different 5' UTR could have affected proteinproduction or stability. We show here that this mRNA can produce the
full-length protein, and is unlikely to vary substantially in function,
although there remains a possibility that the transcript may not be
translated quite as efﬁciently. These results also strongly suggest that
the very different effects of the loss of Dnmt3L in testis and in ovary is
more due to intrinsic differences in the developmental program of the
tissues than any coding differences between the sex-speciﬁc Dnmt3L
transcripts. Given that the proteins produced by the oocyte-speciﬁc
and the stem cell-speciﬁc forms appear to be identical, this posed the
question of what determined promoter usage in the oocytes.
Current algorithms for detecting CpG islands do not classify the
Dnmt3Ls promoter as such (Meissner et al., 2008;Weber et al., 2007) and
it is not bound by the Cfp1 protein, which colocalises with CpG islands
(Illingworth et al., 2010), but it still contains a substantial number of
CpGs. Here we show that during differentiation, transcription from
Dnmt3Ls is repressed in parallel with the germ-cell-speciﬁc gene Sycp3,
one of a class of genes known to be suppressed by methylation during
somatic development (Borgel et al., 2010). This silencing is accompanied
by concomitant increases in methylation level of the promoter.
Artiﬁcially methylating the basal Dnmt3Ls promoter on a reporter
construct was also sufﬁcient to turn off transcription in ES cells, which
normally utilize this promoter and thus have all of the factors needed for
activation. Consistent with these ﬁndings, we show here that Dnmt3Ls is
methylated in differentiated tissues of ectodermal, mesodermal and
endodermal origin,where it is silent, but unmethylated in ES cells, where
it is active. Theseﬁndings extendprevious studies by theXu lab,whoalso
Fig. 5. Dnmt3L regulates its own promoter usage in oocytes. A. Schematic showing the
structure of the Dnmt3L locus in Dnmt3L knockout (−/−) mice. A cassette containing a
strong splice acceptor, stop codons in all frames, an IRES and theβ-geo genewas inserted in
place of exon 3, leaving the ﬁrst exons of both Dnmt3Lo (red) and Dnmt3Ls and the ﬁrst
common exon (exon 2) intact. The positions of primers used for RT-PCR are indicated by
arrows. B. Transcripts containing the IRESwere present in−/− ovaries, but not inmatched
+/+ controls: β-actin is shown as a positive control and a sample lacking reverse
transcriptase as a negative control. Relevant bands on a size ladder are indicated in base
pairs (bp) at left. C. Dnmt3Lo transcripts were present at lower levels in−/−mice than in
+/+ mice from the same strain. RNA from isolated germinal vesicle (GV) stage oocytes
was used as a positive control. D. Dnmt3Ls transcripts, not normally present inWT ovaries
(+/+),were detected in−/− samples. RNA fromES cellswas used as a positive control. E.
Relative levels of Dnmt3Lo and Dnmt3Ls transcripts inWT and knockout ovaries estimated
from densitometric scanning of gel images from three different experiments, normalized
to β-actin. Error bars indicate SD.
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somatic cells of methylation-deﬁcient mice (Hu et al., 2008). Together,
our studies indicate that in spite of the relatively low CpG density, theDnmt3Ls promoter is nevertheless functionally controlled by DNA
methylation.
These results also suggested that methylation may play a role in
repression of the Dnmt3Ls promoter in oocytes. We could subsequently
show that Dnmt3Ls becomes increasingly methylated during oocyte
growth and is fully methylated in oocytes derived from 22 dpp ovaries.
Methylation is dependent on the presence of the Dnmt3L protein itself,
since in knockout animals, there was a complete loss of methylation at
the Dnmt3Ls promoter. It is notable that the decrease in methylation at
Dnmt3Ls is more complete (from 100% to 0%) in knockout oocytes than
that previously reported in somatic tissues from knockout embryos
(from 58.3% to 42.2% (Hu et al., 2008)) consistent with the crucial role
for Dnmt3L in de novomethylation in the germ line. This methylation is
also required to maintain transcriptional silencing of the Dnmt3Ls
promoter, since the promoter was derepressed in oocytes from
homozygous knockout mice.
Comparing the timing of methylation at imprint control regions and
Dnmt3Ls, it is clear that the latter is completely methylated before
imprints are fully established. Since there is an absolute requirement for
theDnmt3Lprotein for establishmentof imprints (Bourc'his et al., 2001;
Hata et al., 2006), suppression of Dnmt3Ls at some point during
evolution may have selected for mice who also transcribed from the
cryptic Dnmt3Lo promoter in the neighboring Aire gene. Alternatively,
and perhaps more likely, the activation of Dnmt3Lo in mice may have
preceded the inactivation of Dnmt3Ls. Consistent with this hypothesis,
the strong CpG island at the Aire gene was unmethylated in oocytes as
well as all other tissues tested and so is likely to be in a permissive
chromatin conformation with the presence of a basal transcription
complex (Meissner et al., 2008; Weber et al., 2007). Production of a
read-through transcript from the Dnmt3Lo promoter in oocytes may
stimulatemethylation ofDnmt3Ls, as is seen in oocytes at imprinted loci
(Chotalia et al., 2009) and may be a relatively wide-spread mechanism
for suppressing alternative start sites (Maunakea et al., 2010). However,
Dnmt3Lo transcripts are never detected outside of the oocyte (Shovlin et
al., 2007) yet methylation and functional suppression of the Dnmt3Ls
promoter occurs during somatic differentiation (this study, (Hu et al.,
2008)) and in late pachytene/round spermatid cells of the adult testis,
indicating that there must be another mechanism which is responsible
for targeting de novomethylation to the Dnmt3Ls promoter.
Both genome-wide surveys and a number of studies of individual
imprinted genes have established that chromatin modiﬁcations, and
particularly loss of the activemarkH3K4me2, precede and act to template
suppression of transcription by de novoDNAmethylation on target genes
(Meissner et al., 2008; Weber et al., 2007). It has been known for some
time that imprinted alleles lacking DNA methylation can still be
discriminated by the cellular machinery (Davis et al., 1999, 2000). More
recently, removal of the H3K4 demethylase KDM1B in oocytes blocked de
novo DNA methylation of some imprinted genes (Ciccone et al., 2009).
Dnmt3L itself has also been elegantly shown to bind to unmethylated
H3K4 through its PHD domain (Ooi et al., 2007), and to bind Dnmt3a
through its methyltransferase fold domain (Jia et al., 2007), suggesting a
mechanism by which it can target DNAmethylation to loci templated for
stable inactivation by the removal of H3K4me2. Supporting a role for
templating at the Dnmt3Ls promoter itself, ES cells containing mutant
Dnmt3Lproteins that cannotbindH3K4wereunable todenovomethylate
the Dnmt3Ls promoter on differentiation (Hu et al., 2009). Our results are
also consistent with this picture, since the Dnmt3Lo promoter is active
from the earliest stages of oocyte growth at 3–7 dpp (Lees-Murdock et al.,
2008; Shovlin et al., 2007), suggestingDnmt3Lshas already been switched
off by changes in histone marking, but DNA methylation is required by
later stages (22 dpp) to ensure stable repression of transcription from the
Dnmt3Ls promoter.
Finally, we also note that this is the ﬁrst non-imprinted locus to
show clear demethylation and functional derepression in oocytes of
Dnmt3Lmutantmice. This suggests that theremay be other loci which
are affected by the loss of Dnmt3L in oocytes. Although the defects
Fig. 6.Methylation of Dnmt3Ls is required for its transcriptional repression and is complete prior to imprint establishment. A. COBRA showing themethylation status of the indicated
genes in isolated WT (+/+) and knockout (−/−) oocytes. The bands resulting from unmethylated (u) and methylated alleles (m) are indicated at left. An undigested sample is
shown in each case to indicate the size of the intact PCR product when no cleavage occurs. The ICR of Snrpn and Igf2r acquire their methylation in the growing oocyte, but methylation
was incomplete in both cases in 22 dpp WT oocytes (bands present at the size of the undigested or unmethylated fragment). In contrast, all of the Dnmt3Ls products appeared to be
methylated. The ICR at H19/Igf2, which is normally unmethylated in the oocyte, is shown as a control. The 600 bp band in a 100 bp size ladder is indicated at left on each gel by an
arrowhead. B. Bisulﬁte sequencing of the PCR products used in A conﬁrmed that high levels of methylation were present on Dnmt3Ls in Dnmt3L+/+ oocytes, but methylation was
absent in −/− oocytes. C. Methylation status of the CpG island at the transcriptional start site of the Aire gene in WT (+/+) oocytes.
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with dysregulation of imprinted genes, it now seems possible that
other non-imprinted loci may be contributing to this phenotype.Acknowledgments
We are grateful to Tim Bestor and Guoliang Xu for advice, Monica
Mendehlsson and Helen Wheadon for ES cell material and advice on
ES culture, Jukka Hakkola for use of the CYP3A5 plasmid, Paul
Thompson for valuable discussions and Adam Eagleson, Rhonda
Black, Keith Thomas, Bernie Doherty, Philip Dunne and Olaf Sunnotel
for technical assistance. Work in DLM and CPW's lab was ﬁnancially
supported by the BBSRC, Wellcome and the Northern Ireland Cancer
Translational Research Group.References
Aapola, U., Maenpaa, K., Kaipia, A., Peterson, P., 2004. Epigenetic modiﬁcations affect
Dnmt3L expression. Biochem. J. 380, 705–713.
Beard, C., Li, E., Jaenisch, R., 1995. Loss of methylation activates Xist in somatic but not in
embryonic cells. Genes Dev. 9, 2325–2334.
Borgel, J., Guibert, S., Li, Y., Chiba, H., Schubeler, D., Sasaki, H., Forne, T., Weber, M., 2010.
Targets and dynamics of promoter DNA methylation during early mouse
development. Nat. Genet. 42, 1093–1100.
Bourc'his, D., Bestor, T.H., 2004. Meiotic catastrophe and retrotransposon reactivation
in male germ cells lacking Dnmt3L. Nature 431, 96–99.
Bourc'his, D., Xu, G.L., Lin, C.S., Bollman, B., Bestor, T.H., 2001. Dnmt3L and the
establishment of maternal genomic imprints. Science 294, 2536–2539.
Bustin, S.A., 2000. Absolute quantiﬁcation of mRNA using real-time reverse transcrip-
tion polymerase chain reaction assays. J. Mol. Endocrinol. 25, 169–193.
Chedin, F., Lieber, M.R., Hsieh, C.L., 2002. The DNA methyltransferase-like protein
DNMT3L stimulates de novo methylation by Dnmt3a. Proc. Natl Acad. Sci. U. S. A.
99, 16916–16921.Chotalia, M., Smallwood, S.A., Ruf, N., Dawson, C., Lucifero, D., Frontera, M., James, K.,
Dean, W., Kelsey, G., 2009. Transcription is required for establishment of germline
methylation marks at imprinted genes. Genes Dev. 23, 105–117.
Ciccone, D.N., Su, H., Hevi, S., Gay, F., Lei, H., Bajko, J., Xu, G., Li, E., Chen, T., 2009. KDM1B
is a histone H3K4 demethylase required to establish maternal genomic imprints.
Nature 461, 415–418.
Davis, T.L., Trasler, J.M., Moss, S.B., Yang, G.J., Bartolomei, M.S., 1999. Acquisition of the
H19 methylation imprint occurs differentially on the parental alleles during
spermatogenesis. Genomics 58, 18–28.
Davis, T.L., Yang, G.J., McCarrey, J.R., Bartolomei, M.S., 2000. The H19 methylation
imprint is erased and re-established differentially on the parental alleles during
male germ cell development. Hum. Mol. Genet. 9, 2885–2894.
Dobbin, E., Corrigan, P.M., Walsh, C.P., Welham,M.J., Freeburn, R.W.,Wheadon, H., 2008.
Tel/PDGFRbeta inhibits self-renewal and directs myelomonocytic differentiation of
ES cells. Leuk. Res. 32, 1554–1564.
Hata, K., Okano, M., Lei, H., Li, E., 2002. Dnmt3L cooperates with the Dnmt3 family of de
novo DNAmethyltransferases to establish maternal imprints in mice. Development
129, 1983–1993.
Hata, K., Kusumi, M., Yokomine, T., Li, E., Sasaki, H., 2006. Meiotic and epigenetic
aberrations in Dnmt3L-deﬁcient male germ cells. Mol. Reprod. Dev. 73, 116–122.
Hu, Y.G., Hirasawa, R., Hu, J.L., Hata, K., Li, C.L., Jin, Y., Chen, T., Li, E., Rigolet, M., Viegas-
Pequignot, E., Sasaki, H., Xu, G.L., 2008. Regulation of DNA methylation activity
through Dnmt3L promoter methylation by Dnmt3 enzymes in embryonic
development. Hum. Mol. Genet. 17, 2654–2664.
Hu, J.L., Zhang, R.R., Zhang, K.L., Zhou, J.Q., Xu, G.L., 2009. The N-terminus of histone H3
is required for de novo DNA methylation in chromatin. Proc. Natl. Acad. Sci. U.S.A.
106, 22187–22192.
Hukkanen, J., Vaisanen, T., Lassila, A., Piipari, R., Anttila, S., Pelkonen, O., Raunio, H.,
Hakkola, J., 2003. Regulation of CYP3A5 by glucocorticoids and cigarette smoke in
human lung-derived cells. J. Pharmacol. Exp. Ther. 304, 745–752.
Illingworth, R.S., Gruenewald-Schneider, U., Webb, S., Kerr, A.R., James, K.D., Turner, D.J.,
Smith, C., Harrison, D.J., Andrews, R., Bird, A.P., 2010. Orphan CpG islands identify
numerous conserved promoters in the mammalian genome. PLoS Genet. 6,
e1001134.
Jia, D., Jurkowska, R.Z., Zhang, X., Jeltsch, A., Cheng, X., 2007. Structure of Dnmt3a bound
to Dnmt3L suggests a model for de novo DNA methylation. Nature 449, 248–251.
Lees-Murdock, D.J., Walsh, C.P., 2008. DNA methylation reprogramming in the germ
line. Epigenetics 3, 5–13.
Lees-Murdock, D.J., Lau, H.T., Castrillon, D.H., De Felici, M., Walsh, C.P., 2008. DNA
methyltransferase loading, but not de novo methylation, is an oocyte-autonomous
process stimulated by SCF signalling. Dev. Biol. 321, 238–250.
420 A.M. O'Doherty et al. / Developmental Biology 356 (2011) 411–420Li, E., Beard, C., Jaenisch, R., 1993. Role for DNA methylation in genomic imprinting.
Nature 366, 362–365.
Li, J.Y., Lees-Murdock, D.J., Xu, G.L., Walsh, C.P., 2004. Timing of establishment of
paternal methylation imprints in the mouse. Genomics 84, 952–960.
Lucifero, D., Mertineit, C., Clarke, H.J., Bestor, T.H., Trasler, J.M., 2002. Methylation
dynamics of imprinted genes in mouse germ cells. Genomics 79, 530–538.
Maatouk, D.M., Kellam, L.D., Mann, M.R., Lei, H., Li, E., Bartolomei, M.S., Resnick, J.L.,
2006. DNA methylation is a primary mechanism for silencing postmigratory
primordial germ cell genes in both germ cell and somatic cell lineages.
Development 133, 3411–3418.
Maunakea, A.K., Nagarajan, R.P., Bilenky, M., Ballinger, T.J., D'Souza, C., Fouse, S.D.,
Johnson, B.E., Hong, C., Nielsen, C., Zhao, Y., Turecki, G., Delaney, A., Varhol, R.,
Thiessen, N., Shchors, K., Heine, V.M., Rowitch, D.H., Xing, X., Fiore, C., Schillebeeckx,
M., Jones, S.J., Haussler, D., Marra, M.A., Hirst, M., Wang, T., Costello, J.F., 2010.
Conserved role of intragenic DNA methylation in regulating alternative promoters.
Nature 466, 253–257.
Meissner, A., Mikkelsen, T.S., Gu, H., Wernig, M., Hanna, J., Sivachenko, A., Zhang, X.,
Bernstein, B.E., Nusbaum, C., Jaffe, D.B., Gnirke, A., Jaenisch, R., Lander, E.S., 2008.
Genome-scale DNA methylation maps of pluripotent and differentiated cells.
Nature 454, 766–770.
Mertineit, C., Yoder, J.A., Taketo, T., Laird, D.W., Trasler, J.M., Bestor, T.H., 1998. Sex-
speciﬁc exons control DNA methyltransferase in mammalian germ cells. Develop-
ment 125, 889–897.Ooi, S.K., Qiu, C., Bernstein, E., Li, K., Jia, D., Yang, Z., Erdjument-Bromage, H., Tempst, P.,
Lin, S.P., Allis, C.D., Cheng, X., Bestor, T.H., 2007. DNMT3L connects unmethylated
lysine 4 of histone H3 to de novo methylation of DNA. Nature 448, 714–717.
Shovlin, T.C., Bourc'his, D., La Salle, S., O'Doherty, A., Trasler, J.M., Bestor, T.H., Walsh,
C.P., 2007. Sex-speciﬁc promoters regulate Dnmt3L expression in mouse germ
cells. Hum. Reprod. 22, 457–467.
Sunnotel, O., Hiripi, L., Lagan, K., McDaid, J.R., De Leon, J.M., Miyagawa, Y., Crowe, H.,
Kaluskar, S., Ward, M., Scullion, C., Campbell, A., Downes, C.S., Hirst, D., Barton, D.,
Mocanu, E., Tsujimura, A., Cox, M.B., Robson, T., Walsh, C.P., 2010. Alterations in the
steroid hormone receptor co-chaperone FKBPL are associated with male infertility:
A case-control study. Reprod. Biol. Endocrinol. 8, 22.
Walsh, C.P., Bestor, T.H., 1999. Cytosine methylation and mammalian development.
Genes Dev. 13, 26–34.
Walsh, C.P., Chaillet, J.R., Bestor, T.H., 1998. Transcription of IAP endogenous
retroviruses is constrained by cytosine methylation. Nat. Genet. 20, 116–117.
Weber, M., Hellmann, I., Stadler, M.B., Ramos, L., Paabo, S., Rebhan, M., Schubeler, D.,
2007. Distribution, silencing potential and evolutionary impact of promoter DNA
methylation in the human genome. Nat. Genet. 39, 457–466.
Webster, K.E., O'Bryan, M.K., Fletcher, S., Crewther, P.E., Aapola, U., Craig, J., Harrison,
D.K., Aung, H., Phutikanit, N., Lyle, R., Meachem, S.J., Antonarakis, S.E., de Kretser,
D.M., Hedger, M.P., Peterson, P., Carroll, B.J., Scott, H.S., 2005. Meiotic and
epigenetic defects in Dnmt3L-knockout mouse spermatogenesis. Proc. Natl Acad.
Sci. U. S. A. 102, 4068–4073.
